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ABSTRACT: The membrane form of heparin binding EGF-like growth
factor (proHB-EGF) yields secreted HB-EGF and a membrane-anchored
cytoplasmic tail (proHB-EGF-CT), which may be targeted to the nuclear
membrane after a shedding stimulus. Bcl-2-associated athanogene 1 (BAG-
1) accumulates in the nuclei and inhibits apoptosis in adenoma-derived cell
lines. The maintenance of high levels of nuclear BAG-1 enhances cell
survival. However, the ubiquitin homology domain of BAG-1 from Mus
musculus (mBAG-1-UBH) is proposed to interact with proHB-EGF-CT, and
this interaction may enhance the cytoprotection against the apoptosis
inducer. The mechanism of the synergistic anti-apoptosis function of proHB-
EGF-CT and mBAG-1-UBH is still unknown. We offer a hypothesis that
proHB-EGF-CT can maintain high levels of nuclear BAG-1. In this study, we
first report the three-dimensional nuclear magnetic resonance structure of

proHB-EGF-CT complexed with mBAG-1-UBH. In the structure of the complex, the residues in the C-terminus and one turn
between f-strands f1 and 2 of mBAG-1-UBH bind to two terminals of proHB-EGF-CT, which folds into a loop with end-to-
end contact. This end-to-end folding of proHB-EGF-CT causes the basic amino acids to colocalize and form a positively charged
groove. The dominant forces in the binding interface between proHB-EGF-CT and mBAG-1-UBH are charge—charge
interactions. On the basis of our mutagenesis results, the basic amino acid cluster in the N-terminus of proHB-EGF-CT is the
crucial binding site for mBAG-1-UBH, whereas another basic amino acid in the C-terminus facilitates this interaction.
Interestingly, the mBAG-1-UBH binding region on the proHB-EGF-CT peptide is also involved in the region found to be
important for nuclear envelope targeting, supporting the hypothesis that proHB-EGF-CT is most likely able to trigger the nuclear

translocation of BAG-1 in keeping its level high.

he precursor of heparin binding EGF-like growth factor

(proHB-EGF) is synthesized as a membrane-anchored
protein, which contains an extracellular domain, a trans-
membrane segment, and a short cytoplasmic tail.' After a
shedding stimulus, the soluble HB-EGF is released from the cell
surface and the membrane-anchored C-terminal domain of
proHB-EGF (proHB-EGF-C) becomes internalized and targets
the nucleus.” Ectodomain shedding can be triggered by a
variety of stimuli, such as 12-O-tetradecanoyl phorbol 13-
acetate (TPA),®> calcium ionophores,* cellular stress and
inflammation,” and apoptosis.®” The nuclear translocation of
proHB-EGEF-C is found to induce cancer cell invasion and cell
proliferation.*” The 24-amino acid tail domain (proHB-EGE-
CT, residues 185—208) downstream from the transmembrane
domain is composed of three characteristic clusters of charged
amino acid residues (Figure 1A,B).'° Precursors of other EGF
family members also possess similar charged amino acid
clusters in their cytoplasmic domains (Figure 1B). Several
functional proHB-EGF-CT interactors have been reported,
such as the cochaperone Bcl-2-associated athanogene 1 (BAG-
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1)'" and the transcriptional repressors promyelocytic leukemia
zinc finger protein (PLZF) and B cell lymphoma 6 (Bcl6),
resulting in the inhibition of PLZF- and Bcl6-mediated gene
repression.g’u’13

Unlike nuclear protein PLZF and Bcl6, BAG-1 is generated
as multiple isoforms that have distinct localizations within the
cell. There are three isoforms of human BAG-1. BAG-1L is
located in the nucleus, and BAG-1M and BAG-1S are located in
both the nucleus and the cytoplasm. Only two isoforms, BAG-
1L and BAG-1S, are observed in mouse BAG-1."* Mouse BAG-
1S (219 amino acids) has been reported to be a proHB-EGF-
CT binding partner based on yeast two-hybrid screening. The
ubiquitin homology domain of mBAG-1 (mBAG-1-UBH,
residues 1—97) is responsible for proHB-EGF-CT binding.
The presence of mBAG-1 and proHB-EGF in CHO cells
demonstrates the increased resistance to apoptosis induced by
etoposide, in comparison to cells expressing either mBAG-1 or
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Figure 1. Amino acid sequence and solution structure of proHB-EGF-CT in the mBAG-1-UBH-bound form. (A) Schematic structure of the HB-
EGF precursor. HB-EGEF is synthesized and expressed at the plasma membrane as proHB-EGF. The cleavage at the juxtamembrane domain yields a
soluble HB-EGF (sHB-EGF) and a C-terminal fragment containing the transmembrane domain (TM) and cytoplasmic tail domain (CT, amino
acids 185—208). SP is the signal peptide. (B) Three characteristic clusters of charged amino acid residues within proHB-EGF-CT. The first is a
positively charged cluster (RYHRR, colored blue), the second a negatively charged cluster (DVENEE, colored red), and the third a positively
charged cluster (KKH, colored blue). The cytoplasmic domains of the other four EGF family precursors are listed below with the positively charged
residues labeled in blue and the negatively charged residues labeled in red. (C) Superposition of the backbone atoms of the 10 final solution
structures of proHB-EGF-CT in complex form and (D) the ribbon representation of the average structure. (E) Mapping of the basic (blue) and
acidic (red) residues onto the average structure of proHB-EGF-CT. (F) Views (180°) of proHB-EGF-CT with semitransparent electrostatic

potential surfaces.

proHB-EGF alone.'" The mechanism causing the synergistic
effect of BAG-1 and proHB-EGF on anti-apoptosis function is
still unknown. Another report shows that nuclear BAG-1
inhibits apoptosis in a colorectal adenoma-derived cell line. A
decrease in the level of nuclear expression and an increase in
the level of cytoplasmic BAG-1 expression were observed in the
cells treated with certain apoptosis inducers. BAG-1S, which is
preferentially located in the cytoplasm, is fused with a nuclear
localization signal (NLS) that protects against y-radiation-
induced apoptosis."> These results suggest that proHB-EGF-
CT is most likely able to trigger the nuclear translocation of
BAG-1. Interestingly, it has been shown that insertion of the
proHB-EGEF-CT peptide results in the targeting of a membrane
protein to the nucleus. The crucial amino acids in proHB-EGF-
CT for nuclear localization are identified as residues 185—198,
a sequence motif distinct from the classical NLS.'® On the
other hand, the nuclear export of PLZF is also mediated by the
interactions with the charged amino acids within the range of
residues 185—198 of proHB-EGF-CT."® These results indicate
that the cytoplasmic tail domain of proHB-EGF is a
multifunctional domain that contains sorting signals involved
in protein trafficking, and these signals are likely to be regulated
by protein modification. Further studies will be necessary to
determine the exact protein modifications and conformation of
this peptide.
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In this study, we first report the structure of the 24-amino
acid peptide proHB-EGF-CT in bound form and identify the
binding interface residues for the determination of the structure
of the proHB-EGF-CT/mBAG-1-UBH binary complex using
nuclear magnetic resonance (NMR) spectroscopy. In addition,
the previously reported residues crucial for nuclear import or
export were also mapped onto the solution structure of proHB-
EGF-CT. Our findings provide valuable structural insight for
understanding the multifunctionality of proHB-EGF-CT.

B MATERIALS AND METHODS

Expression and Purification of the Protein and
Peptide. The mBAG-1-UBH protein (residues 1—97) and
the proHB-EGF-CT peptide (residues 185—208) were ex-
pressed and purified as described previously.'” proHB-EGF-CT
with the R188E point-mutat and the form truncated at His*®
were also expressed and purified using the same protocol. The
*H-labeled sample was achieved by growing the Escherichia coli
cells in M9 minimal medium supplemented with [**C,"H]-p-
glucose in D,0.

NMR Spectroscopy. The complete resonance assignments
and three-dimensional structure determination of mBAG-1-
UBH based on NMR spectroscopy have been reported
previously.'”'® The NMR structure of proHB-EGEF-CT
complexed with mBAG-1-UBH is calculated in this study.
Various multidimensional NMR experiments used for the
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resonance assignments of proHB-EGF-CT complexed with
mBAG-1-UBH were conducted at 25 °C on a VARIAN 700
MHz NMR spectrometer equipped with a cryogenic probe.
The mixture of ’N- and *C-labeled proHB-EGF-CT (2 mM)
and unlabeled mBAG-1-UBH (2 mM) was prepared in NMR
buffer [20 mM phosphate-buffered saline (PBS) buffer (pH
6.0), 100 mM NaCl, and $ mM DTT] supplemented with 10%
D,O to a final sample volume of approximately 500 uL. The
sample for two-dimensional '"H—'H NOESY was prepared with
equimolar concentrations of 1.0 mM of both unlabeled proHB-
EGF-CT and ’H-labeled mBAG-1-UBH in the same NMR
buffer. The sequential assignment for the backbone resonance
was performed using triple-resonance HNCA" and HN(CO)-
CA.* The carbonyl carbon chemical shifts were determined
using data from the HNCO experiment.”’ The side chain
proton and carbon spin systems were determined using the
CC(CO)NH,** HC(CO)NH,** HBHA(CO)NH,** and
HCCH-TOCSY experiments.”* The intramolecular nuclear
Overhauser effects (NOEs) were obtained from '*N-edited
NOESY-HSQC, *C-edited NOESY-HSQC,*® and two-dimen-
sional (2D) 'H—'H NOESY** experiments; the intermolecular
NOEs between unlabeled proHB-EGF-CT and "*N- and "*C-
labeled mBAG-1-UBH were obtained from *C F1-filtered, F3-
edited NOESY-HSQC spectra.”” All the NOESY spectra were
recorded with a mixing time of 150 ms for the determination of
the structure of proHB-EGF-CT in complex form. All NMR
data were processed and analyzed using VNMRJ and SPARKY,
respectively.”®

Chemical Shift Perturbation Measurement. The
molecular characteristics of proHB-EGF-CT binding with
mBAG-1-UBH were studied using "N—'H HSQC spectra
recorded at 25 °C. Residues involved in binding sites were
mapped by analyzing the chemical shift perturbations (CSPs).
The "N—"H HSQC spectrum of free '*N-labeled proHB-EGE-
CT (1 mM) was first recorded and then the sample titrated
with an increasing amount of unlabeled mBAG-1-UBH. The
observed CSPs were weighted according to (0.045y* + 6°)%,
where 0y and dy represent the change in nitrogen and proton
chemical shifts, respectively.”

>N NMR Relaxation Measurement. The '“N-labeled
proHB-EGF-CT samples in the absence and presence of
unlabeled mBAG-1-UBH at a 1:1 molar ratio were prepared for
the NMR measurements of longitudinal relaxation rate R,
transverse relaxation rate R, and 'H—'N steady-state
heteronuclear NOEs at 25 °C. The R; and R, spectra were
recorded at 700 MHz with relaxation delays ranging from 10 to
1400 ms and from 10 to 250 ms, respectively. The 'H—""N
heteronuclear NOEs were obtained by acquiring spectra at 700
MHz without and with a 3 s proton presaturation.

Isothermal Titration Calorimetry (ITC). The binding
affinity between mBAG-1-UBH and wild-type proHB-EGE-CT
was reported in our previous study.'” To study the interactions
between mBAG-1-UBH and proHB-EGF-CT mutants, the ITC
experiments were performed with proHB-EGF-CT-R188E and
proHB-EGF-CT-AH208 (the deletion of His*®). The protein
and peptide samples were dissolved in 20 mM PBS buffer (pH
6.0) containing 100 mM NaCl. All experiments were performed
at 25 °C using a VP-ITC calorimeter (MicroCal). The
calorimetry cell containing 1.4 mL of 0.08 mM mBAG-I-
UBH was titrated with 240 uL of 1.5 mM proHB-EGF-CT-
R188E or proHB-EGF-CT-AH208. The titration curve was
analyzed using Origin version 7.0 (OriginLab).
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Determination of the Binary Complex Structure of
proHB-EGF-CT and mBAG-1-UBH. On the basis of the
molecular docking method, the solution structure of proHB-
EGF-CT in complex form was first calculated using distance
geometry followed by simulated annealing techniques. The
NOE cross-peaks were automatically assigned, and the peak
intensities were iteratively converted to inter proton distance
restraints using ARIA.>° The NOE assignments given in the
first ARIA round were checked manually, and the unambiguous
and ambiguous NOE restraints derived from the ARIA outputs
were further analyzed and employed as inputs for the next
round of calculations. In total, 75 distance restraints were
collected for the calculation of the structure of proHB-EGE-CT
in a complex state; 200 structures were calculated usin% ARIA
and were further refined in explicit solvent using CNS.>" From
this process, an ensemble of the 10 best structures with the
lowest energies was obtained. The complex structure of proHB-
EGF-CT bound to mBAG-1-UBH was further calculated using
HADDOCK (high-ambiguity-driven docking) in combination
with CNS.*'7 The Protein Data Bank (PDB) coordinates of
mBAG-1-UBH were obtained from our previous work (PDB
entry 2LWP). The residues that showed chemical shift
perturbations in the 'H—""N HSQC spectra were used to
define the ambiguous interaction restraints (AIRs). Two sets of
CSPs were conducted for determination of the structure of the
protein—protein complex: one was taken from '“N-labeled
proHB-EGF-CT titrated with unlabeled mBAG-1-UBH to
obtain the CSP on the proHB-EGF-CT part, and the second
was derived using a reversed strategy to find the CSP on the
mBAG-1-UBH part (previously reported'’). NACCESS was
employed to identify the solvent-exposed residues in both
proHB-EGF-CT and mBAG-1-UBH. In addition, four
intermolecular NOEs obtained from *C F1-filtered, F3-edited
NOESY-HSQC experiments were also utilized for structure
docking. All upper limit distances for intermolecular NOEs
were set to 6 A. A total of S000 structures were calculated in a
HADDOCK run. The proHB-EGF-CT/mBAG-1-UBH com-
plex structures were clustered and sorted on the basis of the
HADDOCK score. The 20 lowest-energy structures derived
from the top-ranked HADDOCK cluster were selected for
water refinement and further analysis.

B RESULTS AND DISCUSSION

NMR Solution Structure of proHB-EGF-CT in Complex
Form. Almost complete assignment of 'H, “C, and “N
resonances of binding of proHB-EGF-CT to unlabeled mBAG-
1-UBH was achieved using standard procedures (described in
Materials and Methods). On the basis of the chemical shifts of
HN, Ha, Ca, Cf, CO, and N, the TALOS+ prediction34
reveals that no secondary structure (a-helix or f-sheet) was
observed within the 24-amino acid peptide proHB-EGF-CT
(data not shown). The three-dimensional NMR structure of
proHB-EGF-CT in complex form was determined by using 75
NOE distance restraints. Panels C and D of Figure 1 show an
ensemble of the 10 best structures of proHB-EGF-CT in
complex form and its ribbon representation of the average
structure. The predominant folded conformation of proHB-
EGF-CT in solution is mainly constrained by six long-range
NOEs (Table 1). The distance restraints from approximately
residue 7 to close to the end (residue ~21), Asn**—Gly'®,
—Gly"!, and —Gly'” and Met***—Gly'”* in Figure 2A, bring
two sites closer to a neck shape and cause the residues between
these two sites (amino acids 194—203) to form a turn. With
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Table 1. Structural Statistics of proHB-EGF-CT in Its
mBAG-1-UBH-Bound Form

no. of distance restraints

total 75
intraresidue 42
sequential 23
medium-range 4
long-range 6
constraint violation
minimal NOE violation (A) 031
maximal NOE violation (A) 0.64
rmsd for 10 structures, backbone in the whole protein (A) 1.44
Ramachandran plot (%)
residues in the most favored region 42.1
residues in additionally allowed regions 52.6
residues in generously allowed regions 0.0
residues in disallowed regions 53

regard to other distance restraints, one group (LeuZOZ—Asn206
and —Tyr'” in Figure 2B,C) limits the flexibility of the turn,
and another (Tyr'®—Val'”* in Figure 2C) slightly limits the
orientation of the N-terminus. Specifically, these intramolecular
NOEs make up and limit the partial peptide folding. The
proHB-EGF-CT peptide folds like a random coil with end-to-
end contact. Table 1 shows a summary of structural statistics
for the bound form of proHB-EGF-CT. The root-mean-square
deviation (rmsd) for the backbone atoms in the whole peptide
of the 10 best structures was estimated to be 1.44 A. The
Ramachandran plot analysis shows that 42.1% of the residues
are in the most favored region, 52.6% in the additionally
allowed region, 0% in the generously allowed region, and 5.3%
in the disallowed regions. The poor quality shown in the
Ramachandran plot was due to a lack of dihedral angle
restraints for the structure determination, because 20 residues
(of 24) in proHB-EGF-CT were predicted to be “dynamic”
residues by TALOS+ chemical shift analysis (data not shown).

As shown in the sequence in Figure 1B, proHB-EGF-CT
contains three clusters of charged residues, corresponding to
the basic residues in the N-terminus (first cluster), the acidic
residues in the middle (second cluster), and the basic residues
in the C-terminus (third cluster). The precursor forms of five
known EGF family ligands, HB-EGF, TGFa, amphiregulin,
betacellulin, and epiregulin, share similar patterns of charged
amino acid clusters. Nearly the same three clusters exist in
proHB-EGF-CT and pro-amphiregulin-CT. The basic amino
acid-rich C-terminus, which is the major binding site for
mBAG-1-UBH (discussed below), is identical in the
cytoplasmic tail of five EGF ligands. Considering the
arrangement of the charged residues in the sequence, together
with the orientation of peptide folding in the solution structure
of proHB-EGF-CT, which reveals two regions with positively
charged potential divided by the negatively charged region
(Figure 1E,F), we reclassify the three clusters of charged
residues. The first cluster includes Arglss, Hislm—Arglsg, and
His*®. The second cluster includes Asp'®, Glu'*®, Glu'”’, and
Glu'”®, and the third cluster includes Lys'” and Lys**'. Our
data suggest that the charge—charge interactions may play an
important role in binding of proHB-EGF-CT to mBAG-1-
UBH.

Binding Site Mapping of mBAG-1-UBH on proHB-
EGF-CT by NMR Titration. The chemical shift perturbations
of "N—'"H HSQC cross-peaks induced upon addition of
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mBAG-1-UBH provide useful information for identifying the
potential mBAG-1-UBH binding site on the proHB-EGF-CT
peptide. Figure 3A shows the “N—'H HSQC spectra of
proHB-EGF-CT in the absence and presence of mBAG-1-UBH
at a 1:1 molar ratio. Interaction of mBAG-1-UBH results in
significant chemical shift changes of the following resonances at
the two termini of proHB-EGF-CT: His'¥—Gly'”® and His**®
(Figure 3B). All of these residues except Gly'*® are basic amino
acids. The structural fold of the proHB-EGF-CT peptide
indicates that the contacts between residues 191—193 and
202—206 allow the perturbed residues to come together to
form a HRRH-like motif (His'’Arg'®*Arg'® close to His**), as
shown in Figure 3C. Considering the electrostatic potential on
the proHB-EGF-CT surface, the HRRH-like motif forms a
positively charged binding pocket for the interaction of mBAG-
1-UBH (Figure 3D).

Solution Structure of the proHB-EGF-CT/mBAG-1-
UBH Complex. To identify the molecular features of the
proHB-EGF-CT/mBAG-1-UBH complex, the three-dimen-
sional structure of the complex was determined by an NMR-
based protein docking algorithm. PDB coordinates, including
the solution structure of the proHB-EGF-CT peptide calculated
in complex form (Figure 1D) and the mBAG-1-UBH structure
determined previously (PDB entry 2LWP),"” were utilized to
perform the molecular docking studies. The reason for using
the free mBAG-1-UBH structure, which comprises two a-
helices (@l and @2) and five antiparallel f-strands in a
Pl—p2—al—a2—p3—p4—pS topology, was that only small
chemical shift perturbations were induced upon titration of
proHB-EGF-CT, implying that the binding interaction does not
lead a significant structural change in mBAG-1-UBH. Figure 4A
shows the superimposition of the backbone atoms of the 20
energy-minimized structures with an rmsd of 0.54 A
representing the structure of the proHB-EGF-CT/mBAG-1-
UBH complex, revealing a good agreement among applied CSP
restraints for HADDOCK calculations. The proHB-EGF-CT/
mBAG-1-UBH binary complex coordinates and NMR restraints
have been deposited in the PDB as entry 2M8S. There are 11
residues in mBAG-1-UBH and six residues in proHB-EGF-CT
involved in the binding interface with an area of 279.6 A%, The
regions at the two termini of proHB-EGF-CT interact with
those at the C-terminal loop after f-strand 5 and the turn/
loop between f-strands ff1 and 2 of mBAG-1-UBH (Figure
4B). Residues employed as “active” residues in the HADDOCK
calculation and found to be consistent with the interface
residues on proHB-EGF-CT and mBAG-1-UBH are colored
cyan and pink in the inset of Figure 4B, respectively. However,
residues Ile’” and Thr*® of mBAG-1-UBH, which are defined as
the “active” residues on the basis of the results from NMR
titration experiments and solvent accessibility analysis, are not
involved in the direct binding but are close to the complex
interface. This phenomenon is most likely due to the slight
change in the chemical environment neighboring the binding
site. In addition, four intermolecular NOEs serve as the
unambiguous restraints in defining the distances of interacting
atoms to be <5 A (Figure 4C), including Glu®>* H, to His'® H,,
Gl H, to Arglg8 Hy, Asn? Hy to His*® H,, and Asn* Hy to
His** Hj, between mBAG-1-UBH and proHB-EGF-CT. Figure
4D shows the assignments of intermolecular NOEs based on
analysis of the correlation between the 'H chemical shifts of
5N- and '*C-labeled mBAG-1-UBH (X-axis) and unlabeled
proHB-EGF-CT (Y-axis) found in the “C Fl-filtered, F3-
edited NOESY-HSQC spectra. The interactions observed from
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including Gly"'—Asn?®, Gly'°—Asn®%, Gly'®—Asn®®, Gly'*~Met*™, Tyr'*—Val™*, Tyr'”—Leu®®”, and Leu*”—Asn**® NOEs.

Glu®* (mBAG-1-UBH) to His'*"/Arg'®® (proHB-EGF-CT) and
from Asn*® (mBAG-1-UBH) to His®*® (proHB-EGF-CT)
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suggest that the mBAG-1-UBH/proHB-EGF-CT complex

could be driven by the charge—charge interactions.

dx.doi.org/10.1021/bi5003019 | Biochemistry 2014, 53, 1935—1946



Biochemistry

8 7
(A) i A
191
G203 N I
105 4 o0 L.105
Nios N206
= T205 ’ |
N196
g 110 . - N1%6 | | o
£ . 3207\
F =
w
8 ¥ .
£ N196 N G
s ‘ g viea
o ‘ 3
£ 115 J NZOQE:Q Y184, g‘vzoo 115
E198
D193 %y L
H187
JR18E B L
A L H208 -
120 - E195 m 120
K201
_l.‘ ]
8 7
1H Chemical Shift (ppm)
(B) 0.08

0.07

0.06

0.05

0.04

0.03

0.02

Chemical Shift Perturbation (ppm)

0.01

o O A (] N oSy & o A
PELI LSS TSSIE LSS

Residue Number

&

&

A
&

v o L) o
FEFFFS S

~N
&

Figure 3. Mapping of the chemical shift-perturbed residues on the solution structure of proHB-EGF-CT upon titration of mBAG-1-UBH. (A)
Overlaid 2D 'H-""N HSQC spectra highlight the differences between free proHB-EGF-CT (black) and mBAG-1-UBH-bound proHB-EGF-CT
(red). (B) Weighted average of the "N and 'H chemical shift perturbations [(0.045y> + 6,2)°] of residues in proHB-EGF-CT induced by
formation of the complex with mBAG-1-UBH. The dashed line is intended to indicate the residues exhibiting significant chemical shift perturbations
(>0.025 ppm). Residues with the most significant chemical shift perturbations, including His'®’, Arg'®%, Arg'®, Gly'®, and His*®®, are boxed in blue in
panel A. (C) The residues affected by mBAG-1-UBH binding are labeled and shown as white stick side chains on the NMR structure of proHB-EGF-
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UBH binding region is shown in the yellow oval.

As described above (see NMR Solution Structure of proHB-
EGF-CT in Complex Form), the composition of charged
residues contributes to a highly charged surface for the proHB-
EGEF-CT peptide, which has been classified into three regions
on the basis of the electrostatic potential. A negatively charged
region is sandwiched between two positively charged regions
(Figure 1F). In the mBAG-1-UBH protein, analysis of the
surface electrostatic potential indicates that one side of the
protein surface is mainly negatively charged and the opposite
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side is relatively positively charged. In the mBAG-1-UBH/
proHB-EGF-CT complex, one of the positively charged regions
on the proHB-EGF-CT peptide binds to the mainly negatively
charged region on the mBAG-1-UBH protein (Figure 4E). The
insights gathered from the electrostatic potential analysis of
both proteins also confirm that the charge—charge interactions
could be the dominant force driving the binding event between
mBAG-1-UBH and proHB-EGF-CT.
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Figure 4. Solution structure of the proHB-EGF-CT/mBAG-1-UBH binary complex and identification of residues contributing to the binding
interface. (A) Superposition of the 20 final solution structures of the proHB-EGF-CT/mBAG-1-UBH binary complex with a stereo backbone
representation. proHB-EGF-CT is colored blue and mBAG-1-UBH red. (B) Ribbon representation of the binary complex and the magnified diagram
of the binding interface. The inset shows the side chains of the perturbed residues derived from NMR mapping experiments on both mBAG-1-UBH
(labeled in pink) and proHB-EGF-CT (labeled in cyan). (C) The intermolecular NOEs used for the identification of the protein—peptide interface
are indicated by the dashed line with the distance given in angstroms. (D) Strip plots of the three-dimensional *C F1-filtered, F3-edited NOESY-
HSQC spectra showing the intermolecular NOEs between unlabeled proHB-EGF-CT (with signals observed in the "H F1 dimension) and "*N- and
B3C-labeled mBAG-1-UBH (with signals observed in *C F2 and 'H F1 dimensions). (E) View (180°) of the binary complex shown as a
semitransparent electrostatic potential surface in mBAG-1-UBH and a ribbon representation with stick side chains (interacting residues) in proHB-
EGF-CT.

Molecular Interactions between proHB-EGF-CT and could be driven by the enthalpy contribution through hydrogen
mBAG-1-UBH Confirmed by the proHB-EGF-CT Mutants. bond formation, electrostatic interaction, or van der Waals
In our previous work,"” the proHB-EGF-CT binding affinity of force. In combination with the HSQC titration data, electro-

mBAG-1-UBH was estimated to be 6.9 uM with a negative static interactions could be the dominant forces for the
enthalpy change (AH = —1.97 kcal/mol) and a positive formation of the mBAG-1-UBH/proHB-EGF-CT complex. To
entropy change (AS = 17.0 cal mol™ deg™') by using further confirm the observation, we used ITC to investigate the
isothermal titration calorimetry, implying that the binding interactions of the mBAG-1-UBH protein with two proHB-
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Figure S. Binding affinity measurements for the proHB-EGF-CT-R188E and proHB-EGF-CT-AH208 mutants with mBAG-1-UBH using ITC.
Representative ITC profiles of (A) proHB-EGF-CT-R188E and (B) proHB-EGF-CT-AH208 titrated with mBAG-1-UBH. The raw data of the
titrations are shown in the top panels, and the integrated data obtained after subtracting the heat of dilution are shown in the bottom panels for each
experiment. The titration curve fitting to a one-site binding model indicates an equilibrium dissociation constant (K;) of 0.55 mM for the interaction
between proHB-EGF-CT-R188E and mBAG-1-UBH. All the experiments were performed using a VP-ITC calorimeter (MicroCal) at 25 °C. The
calorimeter cell containing 1.4 mL of 0.08 mM mBAG-1-UBH was titrated by the injection of 240 L of 1.5 mM proHB-EGF-CT-R188E and
proHB-EGF-CT-AH208. All the proteins were prepared in a buffer of 20 mM PBS (pH 6.0) containing 100 mM NaCl.

EGF-CT mutants, including proHB-EGF-CT-RI188E and
proHB-EGF-CT-AH208. These two mutants were designed
on the basis of the binding interface within the determined
proHB-EGF-CT/mBAG-1-UBH complex structure. Three
residues at the N-terminus (His'’, Arg'® and Arg'®) and
one residue at the C-terminus (His**®) of proHB-EGF-CT have
been considered as the crucial residues binding to mBAG-1-
UBH (Figure 4B). To corroborate the contribution of charge—
charge interactions, we decided to mutate one of the basic
residues at the N-terminus to an acidic amino acid, because the
opposite charge may produce a repulsion effect interfering with
the electrostatic interactions between proHB-EGF-CT and
mBAG-1-UBH, and constructed the mutant proHB-EGF-CT-
RI88E. On the other hand, the C-terminal residue His?® of
proHB-EGF-CT was directly truncated to eliminate its
interaction with Asn?® of mBAG-1-UBH. Figure SA shows
the ITC profile of mBAG-1-UBH titrated with the mutant
proHB-EGF-CT-R188E. The result reveals that no heat change
was detected during titration, suggesting that mutation of
residue Arg'® of proHB-EGF-CT completely abolished the
interaction with mBAG-1-UBH. In comparison, similar to the
observation with the wild-type peptide, an exothermic reaction
curve was also observed after titration of the mBAG-1-UBH
protein with the proHB-EGF-CT-AH208 peptide (Figure SB).
However, the titration curve fitting to a one-site binding model
reveals a 1:1 stoichiometry with an equilibrium dissociation
constant (Kj) of 0.55 mM for the proHB-EGF-CT-AH208/
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mBAG-1-UBH interaction, indicating that truncation of residue
His*® results in an 80-fold weaker affinity than the binding of
wild-type proHB-EGF-CT to the mBAG-1-UBH protein.
These results suggest that the charged residues at the N- and
C-termini of proHB-EGF-CT are necessary for its binding to
mBAG-1-UBH, confirming that the electrostatic interactions
are indeed responsible for the formation of the complex.
Interestingly, the N-terminal mutation (R188E) totally inhibits
the binding of proHB-EGF-CT to mBAG-1-UBH, whereas the
C-terminal truncation (AH208) only weakens the binding
affinity. These results imply that residues at the N-terminus
comprise the major binding region on proHB-EGF-CT and the
C-terminal basic residue might further facilitate the formation
of the complex with mBAG-1-UBH. In addition, the in vivo
importance of interaction sites on proHB-EGF-CT was
confirmed by Lin et al, revealing that in the presence of
BAG-1 the deletion of the proHB-EGF C-terminal tail results in
cell apoptosis.'

Backbone Dynamic Studies of proHB-EGF-CT and the
proHB-EGF-CT/mBAG-1-UBH Complex. To further under-
stand the molecular interactions of proHB-EGF-CT with
mBAG-1-UBH, we investigated the backbone motions of
proHB-EGF-CT in the absence and presence of mBAG-1-UBH
at a 1:1 molar ratio by measuring '*N R, and R, relaxation rates
and 'H—"N steady-state heteronuclear NOEs (Figure 6A—C).
When mBAG-1-UBH binds, our data show that only residues
located at or near the region of the binding site on proHB-
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Figure 6. Relaxation parameters of proHB-EGF-CT alone (®) and in complex with mBAG-1-UBH (O). The values of (A) "N R, relaxation rates,
(B) N R, relaxation rates, (C) "H—"°N steady-state heteronuclear NOEs, and (D) S* order parameters are shown as a function of residue number
in the proHB-EGF-CT sequence. All experimental data were acquired at 700 MHz and 25 °C.

EGF-CT experience larger changes in R; and NOE values
(including Tyr'*, His'¥’, Arg'®, and Gly'” for R, and His'®’
and Asn*” for NOE), while most residues reveal significant
decreases in R, values (except Tyr'®® and His'""). Interestingly,
both the proHB-EGF-CT proteins in free form and in complex
with mBAG-1-UBH possess low or negative NOE values,
indicating a high degree of structural flexibility. To confirm
these observations, a ModelFree approach was utilized for the
further studies. The results indicate that additional parameters
(Rey) are required to fit all residues in proHB-EGF-CT without
or with mBAG-1-UBH (data not shown). Figure 6D shows
order parameters S’ extracted from the primary relaxation data
and reveals that mBAG-1-UBH interactions result in the
obviously increased S? values of residues Tyr186, His'¥, Arglsg,
Gly*®, Gly*,, Glu'®, Glu'®, Val*®, and Lys?®". These data
confirm the importance of proHB-EGF-CT N-terminal
residues for interactions and indicate that mBAG-1-UBH
binding mainly contributes to reduce the extent of conforma-
tional exchange motion of proHB-EGF-CT, with the average
R, decreasing from 2.64 to 1.33 Hz.

Structural Insight into the Multifunctional Peptide,
proHB-EGF-CT. The 24-amino acid cytoplasmic tail of proHB-
EGF shows a high degree of sequence conservation across
species (95% identical mouse and human amino acid
sequences), suggesting a potential functional role for this
peptide segment. Several biological activities of the proHB-
EGEF-CT peptide have been reported in recent studies on the
basis of the identification of important residues. Figure 7 shows
the mapping of regions responsible for various functions onto

NE targeting of

1. Nuclear exportation of proHB-EGF-CT

transcription repressor
(PLZF)

. Trigger the NE targeting
of a membrane protein
(LAP2B)

Figure 7. Functional motifs of the proHB-EGF-CT peptide. Various
residue groups with reported functions are mapped and illustrated on
the solution structure of proHB-EGF-CT shown as a semitransparent
electrostatic potential surface with the stick side chains of interacting
residues.
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the solution structure of proHB-EGF-CT. The green-boxed
region, corresponding to the first and second clusters defined in
the solution structure of proHB-EGF-CT in complex form, is
correlated to the interaction with the transcription repressor,

dx.doi.org/10.1021/bi5003019 | Biochemistry 2014, 53, 1935—1946
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PLZF, leading to its nuclear exportation'® and the ability to
trigger the nuclear envelope (NE) targeting of a membrane
protein.16 However, the individual significance of the first and
second clusters has not been characterized so far for NE
trafficking. The red-boxed residue Lys**' shown in Figure 7,
located in the third cluster in the proHB-EGF-CT peptide, is
essential for the NE targeting of proHB-EGF-CT itself.'® The
yellow box indicates the region in the proHB-EGF-CT peptide,
the first cluster, responsible for the mBAG-1-UBH interactions
presented in this study. Our finding reveals that each cluster in
the proHB-EGF-CT peptide exhibits a specific binding target
for the biological functions related to cellular protein trafficking.
Interestingly, the mBAG-1-UBH binding region on the proHB-
EGF-CT peptide (first cluster region) is also involved in the
region responsible for NE targeting, supporting the hypothesis
that proHB-EGF-CT is most likely able to trigger the nuclear
translocation of BAG-1 in keeping its level high.

Possible Molecular Mechanism Underlying the Syner-
gistic Anti-apoptosis Activity of proHB-EGF-CT and
MBAG-1-UBH. So far, several studies have revealed the critical
role of nuclear BAG-1 in the cell survival function.'>**™>’ For
instance, cellular stress triggers the translocation of the
cytoplasmic BAG-1S isoform to the nucleus.*® Interestingly, a
similar phenomenon was also observed for proHB-EGF-CT
after a shedding stimulus.'®> One possible explanation is that the
two proteins cooperate in the nuclear targeting pathway.
Although the sequence of proHB-EGF-CT is not conserved
with the classical NLS, the pattern of two clusters of basic
amino acids separated by a spacer of a few amino acids is
similar.>® On the basis of the results of this study, we propose a
model to explain the molecular mechanism underlying the anti-
apoptosis activity mediated by the interactions of proHB-EGEF-
CT and mBAG-1-UBH. One possible mechanism is one in
which the 24-amino acid peptide, proHB-EGF-CT, serves as a
unique nonclassical NLS to trigger the nuclear translocation of
BAG-1S. The crucial binding motif on the peptide is mainly
composed of basic amino acids, which is the same as in the
classical NLS. Subsequently, BAG-1 is able to bind to nuclear
hormone receptors (such as ER) and inhibit cell apoptosis.*”*°
This is the first study in which the BAG-1 interaction sites on
proHB-EGF-CT have been characterized. However, the
mechanism proposed for the anti-apoptosis activity needs to
be further validated with more detailed studies characterizing
the nuclear targeting pathway.

B CONCLUSIONS

Previous research has focused on the functional significance of
binding of proHB-EGF-CT to mBAG-1-UBH, and the NMR
structure described here complements the molecular inter-
actions within the protein/peptide system. On the basis of
reported studies, it is possible that the synergistic effect of two
proteins on the anti-apoptosis activity may be mediated by
proHB-EGF triggering the nuclear translocation of mBAG-1.
The mechanism by which nuclear-localized BAG-1 may protect
against apoptosis remains to be elucidated. In this study, the
three-dimensional NMR solution structure of the proHB-EGF-
CT peptide complexed with the mBAG-1-UBH protein allows
for the identification of the residues in both the protein and the
peptide involved in molecular interactions. Our results reveal
the key binding site residues and suggest that charge—charge
interactions are the predominant force involved in the binding.
Furthermore, the NMR solution structure of the conserved 24-
residue proHB-EGF-CT peptide exhibits three clusters that can
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be distinguished on the basis of their distinct surface
electrostatic potentials. The reported functional residues were
also mapped onto the structure of the multifunctional peptide,
indicating that various cellular protein trafficking-related
functions are mediated by distinct regions on the proHB-
EGEF-CT peptide. This is the first report of the structure of the
proHB-EGF-CT peptide, which provides valuable information
for the design of future experimental and modeling studies for
understanding the detailed mechanism of protein trafficking.
Moreover, further effort is needed to characterize the
cytoplasmic domains of other EGF family precursors.
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